Abstract: Autophagy-related protein ATG16L1 is a component of the mammalian ATG12~ATG5/ ATG16L1 complex, which acts as E3-ligase to catalyze lipidation of LC3 during autophagosome biogenesis. The N-terminal part of ATG16L1 comprises the ATG5-binding site and coiled-coil dimerization domain, both also present in yeast ATG16 and essential for bulk and starvation induced autophagy. While absent in yeast ATG16, mammalian ATG16L1 further contains a predicted C-terminal WD40-domain, which has been shown to be involved in mediating interaction with diverse factors in the context of alternative functions of autophagy, such as inflammatory control and xenophagy. In this work, we provide detailed information on the domain boundaries of the WD40-domain of human ATG16L1 and present its crystal structure at a resolution of 1.55 Å .
Introduction
Macroautophagy (hereafter referred to as autophagy) is a conserved eukaryotic mechanism for the sequestration and degradation of cytoplasmic constituents. Activation by nutrient depletion or stress induces the formation of a double-membrane vesicle referred to as autophagosome, which engulfs a random section of cytoplasm and subsequently fuses with lysosomes for degradation of the sequestered material. 1, 2 But apart from its classical role in bulkdegradation, autophagy also mediates degradation of specific components in the cytoplasm in a process called selective autophagy. These specific targets for autophagy-mediated degradation include, among others, defective organelles, large protein aggregates and intracellular pathogens. [3] [4] [5] [6] [7] Additionally, autophagy is involved in a large number of immunity-related processes in mammals, such as thymic selection, antigen presentation, lymphocyte homeostasis and regulation of inflammatory responses. 5, 8, 9 The importance of autophagy is further reflected in the finding that defects in autophagy are linked to the onset of cancer, neurodegenerative and chronic inflammatory diseases. [10] [11] [12] The latter include Crohn's disease, a complex chronic inflammatory disease of the intestine that causes lesions in the intestinal tract with an increased risk of colon cancer formation. 13, 14 Initiated by the genetic screening of macroautophagy-defective mutants in yeast, 15, 16 to date more than thirty autophagy-related genes (ATG)
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Statement for Broader Audience
Autophagy is a conserved cellular mechanism for the degradation and recycling of intracellular components and plays an important role in immune defense by detecting and eliminating intracellular pathogens. Defective autophagy can give rise to severe diseases such as cancer, neurodegeneration and Crohn's Disease. One of the key regulators of autophagy is ATG16L1. In this work we describe the first structure of the WD40-domain of ATG16L1, which will help to improve our understanding of autophagy regulation. and their respective proteins have been identified. ATG16L1, the mammalian homolog of yeast ATG16, is a member of the core autophagy machinery and component of the E3-ligase ATG12ATG5/ATG16L1 complex (ATG12ATG5/ATG16 in yeast). [17] [18] [19] [20] The E3-ligase complex conjugates phosphatidylethanolamine (PE) to LC3 (the mammalian homolog of yeast ATG8) and determines the site of conjugation during autophagosome biogenesis. 21, 22 Further studies on the function of the yeast E3-ligase complex showed that ATG12ATG5/ATG16, in addition to directly binding to membranes, also binds to conjugated ATG8-PE, thereby crosslinking ATG8-PE/ATG12-ATG5 and driving the ordered assembly of a membrane scaffold that is critical for yeast autophagy. 23, 24 Human ATG16L1 is a 607 amino acid protein (68 kDa) comprising three major domains: the N-terminal ATG5 binding domain (ATG5-BD), the central coiled-coil domain (CCD) and a predicted C-terminal WD40-domain [ Fig. 1(A) ]. A short helix on the N-terminal part of the mammalian ATG16L1, also present in the 150 amino acid yeast homolog ATG16, forms the ATG5-BD, and its structure has previously been determined in complex with the human ATG12ATG5 conjugate. 25 Apart from the ATG5-BD, mammalian ATG16L1 and yeast ATG16, both comprise a central coiled-coil domain (CCD), important for oligomerization of the protein. The crystal structure of the yeast ATG16-CCD reveals a parallel dimeric arrangement of the coiled-coil-helices, suggesting a parallel orientation of full-length ATG16/ ATG16L1 molecules in the dimer, 26 which is further supported by the detection of a dimeric state of human ATG16L1-CCD in solution. 27 In addition to being important for homo-dimerization of ATG16L1, the CCD in human ATG16L1 also acts as interaction site for various proteins involved in the autophagy process, such as WIPI2 and Rab33, a small Golgi-resident GTPase. 28, 29 Both WIPI2 and Rab33 serve as modulators of autophagosome elongation through interaction with ATG16L1. Additionally, FIP200, a member of the ULK autophagy initiation complex, binds ATG16L1 in the region between the CCD and the predicted WD40-domain. 30 While ATG5BD and CCD are common to both yeast ATG16 and human ATG16L1, the major difference to the yeast protein is a predicted WD40 propeller domain (WDD) on the C-terminal part, which is exclusively present in mammalian ATG16L1. The absence of this domain from the yeast protein indicates that it is not essential for bulk autophagy, in line with the observation that a truncated mouse ATG16L1-variant lacking the WDD reconstitutes canonical autophagy in ATG16L1-deficient cells. 31 Notably, the stretch between CCD and predicted WD40-domain of ATG16L1 also harbors the position of a natural variant of ATG16L1 (T300A), a risk factor for Crohn's disease 32 and cleavage site by caspase 3 and caspase 7, 33,34 that results in a decreased level of selective antibacterial autophagy and elevated levels of inflammatory response. When cleavage occurs at position 300, the C-terminal WDD domain is separated from the full-length protein and despite the presence of both fragments, canonical autophagy is not affected, whereas unconventional, selective autophagy is largely inhibited. 35 The WDD is thus not required for canonical bulk autophagy, but activation of unconventional, selective autophagy appears to require an intact ATG16L1 protein. 36 In the context of pathogen clearance, NOD-like receptors NOD1 and NOD2 have been shown direct autophagy to the site of bacterial entry through interaction with ATG16L1. 37, 38 Apart from these, the WDD of ATG16L1 has been shown to further interact with Ubiquitin, 39 the DNA-damagebinding protein DDB1, 40 which is part of a large
Cullin-E3 ubiquitin ligase complex, the transmembrane protein TMEM166/EVA1A, 41 TRIM20, a member of the multifunctional tripartite motif family of proteins, 42 as well as T3JAM and DEDD2, two proteins haroboring the previously identified ATG16L1-motif. 36 Given the ever growing importance selective autophagy has in the mammalian system, ATG16L1, and more specifically the predicted WDD of ATG16L1, provides a direct link between autophagy and other cellular pathways. Despite its important function in acting as a mammalian-specific protein-interaction platform, so far no structural information is available for the predicted C-terminal WDD of ATG16L1.
Results

Identification of soluble WDD-constructs
In the work presented here, we thus aimed at obtaining structural information for the predicted Cterminal WDD of human ATG16L1. To determine the crystal structures of the WDD, we initially analyzed the sequence of human ATG16L1 (Uniprot-Q676U5) using PROSITE, 43 PFAM, 44 SMART 45 and PSIPRED 46 to identify the boundaries of the WDD.
Based on these predictions, the C-terminal WDD encompasses residues 318-607 (PROSITE), 313-604 (PFAM) or 311-505 (SMART) comprising five to seven predicted WD40-blades. PSIPRED further predicts the presence of b-strands at position 286-290 and 308-309. Notably, residues 266-284 are missing in splice isoform 2 of ATG16L1, identifying residues 266 and 284 as further potential domain boundaries for soluble WDD expression constructs. Based on this sequence analysis, we chose three N-terminal boundaries for the recombinant expression of soluble WDD: residue G303, which is located in a predicted flexible GSG-motif, has been chosen as N-terminal boundary for the expression of soluble WDD (human ATG16L1 303-607 will hereafter be referred to as ATG16L1 303 ), and two additional expression constructs with N-terminal boundaries at residues K266 and G284 have been chosen as additional constructs extending N-terminally beyond the predicted WDD [ Fig. 1(B) ]. Since initial expression of these constructs in E. coli resulted in insoluble protein, we utilized the Baculovirus insect cell expression system, yielding approx. 1-3 mg/4L culture of soluble and pure protein. All three constructs were monomeric in solution, as estimated by the apparent molecular weight of the protein derived for the elution volume on size-exclusion chromatography [ Fig. 1(C,D) ]. Additionally, we used a construct comprising the commonly used WDD boundaries with residues 320-607, for which we could however not detect any soluble protein (not shown).
Crystallization and structure determination
All three soluble constructs were used for crystallization trials, but did not yield crystals. As crystallization is highly dependent on the surface of the target protein, we used surface entropy reduction (SER) mutants to improve crystallization behavior. 47 For all three constructs, we generated four different surface entropy reduction mutants (K306A/E307A, E354A/K355A, K469A/K470A, E569A/K570A), which however failed to crystallize as well. Mouse (Mus Musculus) ATG16L1 (UNIPROT-Q8C0J2) shares 94% sequence identity (96% protein sequence similarity) with human ATG16L1, suggesting that variable residues are likely to be located on the protein surface and not to influence stability or folding.
Since the SER-mutants failed to crystallize, we combined these with single point mutants to generate human-mouse chimeric versions of ATG16L1. Of these, the human ATG16L1 303 with the triple mutation E354A/K355A/Y607P resulted in crystals diffracting to 1.55 Å resolution [ Fig. 1(E) , Supporting Information Figs. S1 and S2, Table I ).
Structure of the WDD of human ATG16L1
The high-resolution structure of the C-terminal domain of ATG16L1 reveals a seven-bladed WD40-propeller domain [ Fig. 2(A) ]. Each blade comprises the canonical anti-parallel b-sheet composed of four b-strands A-D, with the exception of blade 6, where residues at the canonical position of strand A do not adopt a b-strand conformation. The strands D-A-B-C harbor the WD40 repeat sequence, and the WD40 repeat is thus not equivalent to one blade. In the WDD of ATG16L1, residues of the most N-terminal strand (313-319) form strand D of blade 7, which is completed by the interaction with the very Cterminal strands A-C of blade 7 [ Fig. 2(A,B) ]. Thereby, the N-terminal strand 7D also acts as a latch that closes the ring-shaped propeller structure.
In line with that function, the observation that construct 320-607 yields no soluble protein indicates that lack of strand 7D destabilizes the fold and results in reduced solubility and degradation.
Discussion
Regarding the specific function of the ATG16L1 WDD, proteins containing a WD40-domain are widely present in eukaryotes and are involved in various cellular processes including gene regulation, development, signal transduction, vesicular transport, cell cycle control, apoptosis and chromatin dynamics. 48, 49 But despite of the conserved fold, WD40-domains only share low sequence conservation, hampering the identification and assignment of the individual repeats, 50 as also seen for the WDD of human ATG16L1. Individual proteins with enzymatically active WD40-domains have been reported, 51 but the main function of all WD40-domains described so far is to mediate interactions with other proteins, peptides or nucleic acids. The typical seven-bladed WD40-domain utilizes three surfaces for such interactions, the top/narrow, the bottow/wide surface and the whole circumference of the ring-shaped propeller [ Figs. 2(A) and 3(A) ]. These three surfaces are formed by two main variable regions in each blade, which are not essential for the overall stability of the fold, but provide interaction specificity and function to the WD40-domain. The largest variable region 'I' is located between strand C of one blade and strand A of the next (including strand D) and typically includes 20 residues, but can vary between 11 and 150 residues in length. While strand D of variable region 'I' is exposed to the outside surface of the propeller and forms the circumference, the loop between strands D and A of variable region 'I' together with the loop connecting B and C, form the top/narrow surface. The second variable region 'II' comprises the loop between strand A and B and is generally 2-30 residues in length and exposed at the bottom/wide end of the propeller. 52 Thereby, the WD40-domain, despite representing a conserved fold with high stability, at the same time allows for high versatility derived from the variable regions and the respective large variable surface they form. For some proteins, these variable regions are sufficiently long to include independently folded domains, which however is not the case for the ATG16L1 WDD.
To identify evolutionarily important regions within the WDD that might be involved in mediating interactions, the amino acid conservation has been analyzed by NCBI Blast using the sequence of the human ATG16L1-WDD (307-607). Of these NCBI Blast hits, the top 90 sequences from different organisms share identities above 92%. These have been used for an analysis using Consurf [ Fig. 3(B Fig. 3(B) ]. In contrast to the high degree of conservation in blades 2 and 3, conservation in blades 4 and 5 is mainly restricted to the top and bottom surface with variability on the side. Apart from conserved residues in the WDD core (involved in stabilizing the WD40-fold) the outer top, bottom and side surfaces of blades 1, 6 and 7 show a higher variability as compared to the rest of the WDD. As seen for various WD40-domains, a tunnel is present in the center of the propeller-shaped WDD, which in ATG16L1 WDD is non-continuous and separated by the Arg539 side chain into a shallow, top tunnel of approx. 8 Å in length and an approx. 19 Å deep bottom tunnel [ Fig. 3(B-F) ]. Apart from the conservation in the outer surface, evolutionarily conserved regions also comprise residues in strand A (or its equivalent region) of all seven blades forming the inner cavity of the top and bottom tunnel, as well the opening of the tunnel on the WDD top and bottom surface. Apart from the surface conservation, we analyzed the charge distribution on the WDD surface. In ATG16L1 WDD, the top and bottom surface show a distinct charge distribution, with a basic top and an acidic bottom surface [ Fig. 3(C) ]. The top tunnel is mainly hydrophobic [ Fig. 3(D,E) ], whereas the bottom tunnel is negatively charged [ Fig. 3(E,F) ]. Notably, an additional positively charged cavity is present between blades 3 and 4, which however is only accessible via two narrow channels from the bottom and the side [ Fig. 3(E) , Supporting Information Fig. S4 ].
Based on the analysis of evolutionarily conserved regions performed with Consurf, functional regions that are likely to be involved in mediating interactions via the WDD cluster on the top and bottom tunnel as well as on the whole exposed surface of blades 2-3 and the top and bottom surfaces of blades 4-5. Furthermore, the distinct charge distribution on the top and bottom interaction surfaces (including the tunnel and the positively charged cavity) might be required for the recognition of putative subsets of known ATG16L1-WDD-binding proteins, such as the specific recognition of the previously reported ATG16L1-binding motif, 36 or yet to be identified interaction partners. In that regard, the high conservation in the top and bottom tunnel is reminiscent of WD40-domains that utilize the tunnel for specific recognition, such as in the case of EED, which is involved in the readout of Histone3 lysine methylation patterns and binds an arginine residue in the central tunnel. 54 It is thus not unlikely, that ATG16L1-WDD might utilize the top/bottom tunnel for specific recognition of posttranslational modifications, that could control the interaction between the WDD and interaction partners. Overall, the evolutionarily conserved region covers a large area of the WDD surface, extending from the bottom, over the side to the top of the WDD. Rather than representing a single interaction surface, this suggests that the WDD harbors several separate conserved interaction surfaces, in line with the diverse interaction partners of WDD reported so far. However, while the WDD structure provides important information on the conserved regions and surface charge distribution, a detailed analysis of specific interactions with subsets of the reported WDD-interaction partners requires further structural studies of complexes and WDD-structure driven mutagenesis of conserved surface residues. Interestingly, taking crystal-symmetry and packing into account, the WDD in the crystal forms a dimer with a neighboring symmetry related molecule. Both molecules in the dimer are arranged in a parallel fashion, with both N termini extending in the same direction [ Fig. 4(A,B) ]. The dimer interface comprises a total interface area of 620 Å 2 and mainly involves residues in blade 5 (R508, D509, D510, L511, K513, I522, Q524, F526, S527) and in loops connecting blade 5 with the neighboring blades 4 (E486, L487, L488, G489, K490) and 6 (A528, P529, K532). 13 out of the 17 residues involved in the dimerization show a high evolutionary conservation (Supporting Information Fig. S3 ), which might be indicative of a physiological role for dimerization of the WDD. The previously determined structures of the human ATG12ATG5/ATG16L1 complex and the CCD of yeast ATG16 both reveal a parallel dimeric arrangement mediated via the ATG5BD and the CCD of ATG16L1/ATG16. 25, 26 Even though the isolated WDD appears to be monomeric in solution [ Fig. 1(C) ], in line with the previous observations of a dimeric ATG16L1, the dimerization of ATG5BD and especially of the CCD might potentially facilitate or induce a physiologically relevant dimerization of WDD in full-length ATG16L1 as seen in the crystal [ Fig. 4(C) ].
In regard to the T300A mutation, we initially attempted to obtain further information on the so far structurally uncharacterized region containing the Crohn's disease risk polymorphism by extending the expression constructs N-terminally beyond the predicted WDD (Fig. 1) . But even though crystallization attempts using longer constructs failed and the T300 region is not covered by the WDD structure presented here, the structure still provides the important information that, in contrast to previous predictions, 32 the T300A position is not part of the WDD and thus is unlikely to have an impact on the structure of the WDD. Instead, T300A is located in the region linking the coiled-coil domain and the WDD, seven amino acids N-terminal to the first amino acid defined in the WDD crystal structure. As reported before, T300A increases ATG16L1 sensitization to caspase-3/7-mediated processing. 33, 34 The amino acid sequence 296 DNVD 299 flanks the T300 position and resembles the consensus motif DxxD for caspases 3 and 7. This region in ATG16L1 is predicted to lack any secondary structure (Supporting Information Fig. S5 ) and is therefore suitable for caspase-mediated cleavage, as caspases prefer an extended and unstructured substrate peptide conformation. Therefore, T300A converts the poor substrate sequence 296 DxxDT 300 into 296 DxxDA 300 , corresponding to the caspase 3/7 consensus sequence DxxD(G/S/A). 55 Based on the current structural knowledge, the T300A mutation is unlikely to influence the WDD structure or even the overall domain structure of full-length ATG16L1. However, recent studies uncovered that the T300A mutation impairs interaction of the WDD with a subset of interaction partners in the absence of caspase-mediated processing. 35 This finding gives rise to the notion, that apart from sensitizing ATG16L1 to caspase-3/7-mediated processing, T300 might also be involved in stabilizing an intramolecular (or in the ATG16L1-dimer an intermolecular) interaction of the 296 DNVD 299 region with the WDD. On the molecular level, mutation of T300 to alanine may disrupt that interaction, leading to altered interaction properties of the WDD and in parallel exposing the 296 DNVD 299 that would result in an increased caspase-3/7-mediated processing. Due to the lack of structural data for the 296 DNVD
299
-region in combination with the WDD, the exact mechanism by which T300A might impair WDD function still remains elusive. But the structure of the isolated WDD presented here will likely help to dissect this mechanism in more detail in the future.
Conclusion
In summary, in this work we experimentally identified the domain boundaries of the predicted WDD of ATG16L1 and present the first data for the structure of the WDD. The structure of the WDD was determined to a resolution of 1.55 Å by X-raycrystallography and provides novel insights into the architecture of ATG16L1 and potential interaction surfaces of its C-terminal WDD (Fig. 5) . In the future, the biochemical and high-resolution structural data presented here will facilitate a structureassisted mutagenesis approach and the structure determination of WDD in complex with its individual interaction partners to further analyze and dissect the interactions of the WDD with the individual interaction partners in more detail at the cellular, molecular and atomic level.
Materials and Methods
The Supporting Information contains a detailed description of the protein expression, purification, data processing and structure determination.
Cloning, protein expression and purification
In short, human ATG16L1 (Uniprot ID-Q676U5) expression constructs were amplified by PCR from a cDNA template (IHS1382-8397581/LIFESEQ2507216, OpenBiosystems) and cloned into a modified pFastBacDual vector with an N-terminal 6xHis tag followed by a TEV protease cleavage site. Mutants were generated by standard mutagenesis PCR. Protein was expressed in BTI-Tn-5B1-4 (HighFive, Invitrogen) insect cells in EX-CELL405 media (Sigma-Aldrich) using the Baculovirus expression system (Invitrogen) and purified via Ni-NTA affinity chromatography and size-exclusion chromatography on a HiLoad 16/60 Superdex 75 column (GE Healthcare) in 20 mM HEPES pH 7.4, 200 mM NaCl, 5 mM DTT. Protein was concentrated to 20 mg/mL, aliquots were frozen in liquid N 2 and stored at 2808C.
Crystallization, data collection and structure determination ATG16L1 303 (E354A/K355A/Y607P) was crystallized at a concentration of 10 mg/ml in 1.61 M (NH 4 ) 2 SO 4 , 0.09 M NaCl, 0.1 M MES pH 6.3 at 308C using the sitting drop vapour diffusion method. Crystals were cryoprotected by addition of 12% 2R-3R butane-diol to the crystallization solution. Data were collected at beamline 14.2 at Helmholtz-Zentrum Berlin, BESSY II synchrotron, at a wavelength of 0.9184 Å and a Figure 5 . Schematic representation of the putative interaction surfaces on ATG16L1 WDD and its known interaction partners. The ATG16L1 WDD provides three putative interaction surface, the top/narrow and bottom/wide surface, as well as the whole circumference of the ring-shaped propeller structure. To which of the three surfaces the known and yet unidentified interaction partners bind to remains still elusive temperature of 100 K. The structure was solved by molecular replacement with the published structure of WDR5 (PDB 2CNX) as poly-Ala search model followed by manual rebuilding.
Supporting Information
The Supporting Information Material 1 file contains a detailed description of experimental procedures, Supporting Information Figures 1-5 and Supporting Information References. Supporting Information Material 2 contains aligned sequences in FASTA format used for Consurf.
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